Ultrasonic transducers for high temperature (200°C+) applications are a key enabling technology for advanced nuclear power systems and in a range of chemical and petro-chemical industries. Design, fabrication and optimization of such transducers using piezoelectric materials remains a challenge. In this work, experimental data-based analysis is performed to investigate the fundamental causal factors for the resonance characteristics of a piezoelectric disc at elevated temperatures. The effect of all ten temperaturedependent piezoelectric constants (e 33 , e 11 , d 33 , d 31 , d 15 , s 11 , s 12 , s 13 , s 33 , s 44 ) is studied numerically on both the radial and thickness mode resonances of a piezoelectric disc. A sensitivity index is defined to quantify the effect of each of the temperature-dependent coefficients on the resonance modes of the modified lead zirconium titanate disc. The temperature dependence of s 33 showed highest sensitivity towards the thickness resonance mode followed by e 33 , s 11 , s 13 , s 12 , d 31 , d 33 , s 44 , e 11 , and d 15 in the decreasing order of the sensitivity index. For radial resonance modes, the temperature dependence of e 33 showed highest sensitivity index followed by s 11 , s 12 and d 31 coefficient. This numerical study demonstrates that the magnitude of d 33 is not the sole factor that affects the resonance characteristics of the piezoelectric disc at high temperatures. It appears that there exists a complex interplay between various temperature dependent piezoelectric coefficients that causes reduction in the thickness mode resonance frequencies which is found to be agreement in with the experimental data at an elevated temperature.
Introduction
Generation IV fast nuclear reactor designs are being developed to support sustainable development, economic competitiveness, and improved safety [1] . Providing in-service inspection and repair (ISI&R) is a key enabling technology and presents major technical challenges which must be addressed to ensure safety of liquid sodium cooled fast reactors [2] .
The technology has been of interest for several decades with US activity dating back to the early 1970s. A number of other countries (especially India, Japan, France, and Great Britain) have built and operated fast, metal-cooled reactors and supporting diagnostic instrumentation for in-service inspections [3] . Previous experimental studies have shown that design and fabrication of transducers that can simply survive in a reactor or other high temperature environment is challenging and that the signal strength reduces significantly for piezoelectric based ultrasonic transducers from room temperature to operating in liquid sodium at a hot stand-by temperature of $260°C [3] [4] . Studies that address aspects of high temperature transducer performance continue to be performed [5] [6] [7] [8] [9] . Recently, Searfass et al. [5] and Amini et al. [6] have quantified the ultrasonic signal strength of high temperature piezoelectric transducers for non-destructive evaluation (NDE) up to 800°C. Baptista et al. [7] utilized the insights from measuring the electrical impedance of the piezoelectric sensor as a method for experimental quantification of the temperature effect. Lately, Enciu et al. [8] and Haidar et al. [9] also investigated the temperature dependence of the piezoelectric material for the structural health monitoring (SHM) applications up to 250°C.
The resonance characteristics of such ultrasonic transducers determines the defect detection capability and mainly depends upon the piezoelectric effect. This effect is described by temperature dependent piezoelectric material coefficients [10] which in turn depend upon extrinsic and intrinsic contributions from the ceramic itself [11] .
The temperature dependence of these various material coefficients of the different piezoelectric ceramics have been studied experimentally by many authors e.g. [12] [13] [14] [15] . Sabat et al. [13] https://doi.org/10.1016/j.ultras.2018.02.007 0041-624X/Ó 2018 Elsevier B.V. All rights reserved.
quantified the temperature dependence for modified Lead Zirconate Titanate ceramic (PZT-5A) as a function of temperature up to 195°C. Recently, Qaisar et al. [14] investigated the temperature dependence of d 33 as a function of aging time, applied stress and temperature for soft and hard PZT-5A. Tang et al. [15] also reported the temperature dependence of a set of self-consistent full matrix material constants for PZT ceramics using a single sample for the resonance ultrasound spectroscopy method. This work also emphasized on the need for cost-efficient computer simulations to predict performance of high temperature electromechanical sensors. However, to address this need, it is necessary to describe the cause-effect relationships between the temperature dependent piezoelectric material coefficients and the resonance characteristics of an ultrasonic transducer.
It has been shown in previous experimental data [13] that each of the ten piezoelectric material parameters vary by different percentages at higher temperatures as compared to their baseline value at room temperature. Roy et al. [16] modelled seven out of ten-independent piezoelectric material coefficients for temperature up 70°C to simulate the temperature effect on a resulting ultrasonic signal. However, the contribution of each material coefficient to the ultrasonic signal was not quantified. Recently, Janapati et al. [17] and Perez et al. [18] performed numerical sensitivity studies to seek to understand the contribution of each coefficient to performance. This work involved varying selected material parameters by a fixed percentage. The limitation of such a sensitivity analysis approach is that a fixed percentage variation does not adequately capture the physical phenomenon in ceramics which is affecting each of the piezoelectric material parameters at high temperatures.
The effects of this physical phenomenon on the resonance frequencies of a piezoelectric disc need to be fundamentally quantified to enable adequate design and performance prediction for robust high temperature transducers for use in NDE and SHM. The primary objective of this study is thus to quantify the contribution of each piezoelectric material coefficient to the resonance modes of a disc as the temperature is increased. Hence, an experimental data-based methodology is presented by solving an axisymmetric problem in a finite element (FE) model. The changes to the thickness and radial modes in the resonance spectrum due to a temperature dependent material parameter are quantified by a sensitivity index. Lastly, the change in the resonance spectra due to a combined effect of varying all ten material parameters is compared with the experimental observations.
In the present study, Section 2 describes the theory and relevant assumptions regarding piezoelectricity. Section 3 describes the methodology including the governing equations and discretization for the FE based model. Sections 4 and 5 present the simulation results and the discussion of the contribution for each material coefficient to the resonance modes. Section 6 presents conclusions based on the experimental data-based methodology.
Theory
The assumptions for the current work are described by the theory of piezoelectricity at a corresponding temperature. The fundamental equations can be obtained using Gibbs potentials, which is given by [7] 
where S i is the Cauchy's total mechanical strain tensor, D is the elec- (1) and (2) can be ignored at a corresponding high temperature h. In the current work, the temperature difference dh is assumed to be small representing a gradual increase in the temperature of an ultrasonic transducer. Thus, for a quasi-thermal change in the piezoelectric material, the thermal expansion and pyroelectric effect can be ignored. This reduces Eqs (1) and (2) to a strain charge form of the piezoelectric effect at a corresponding temperature h is given by
Ferroelectric ceramics such as soft-lead zirconium titanate (Pb [Zr x Ti 1Àx ]O 3 ), which are widely used in the ultrasonic transducers, exhibit both intrinsic and extrinsic contributions to the piezoelectric effect [10] [11] shown in Eqs. (3) and (4) . This effect is dependent on the elastic, dielectric, and piezoelectric material coefficients [10] . Eqs. (5) essentially represents the physical phenomenon that occurs in the PZT-5A as the temperature is increased. Thus, the temperature dependent data [13] for these ten mutually independent coefficients from Eq. (5) describe the linear theory for the piezoelectric effect under the assumptions that-(a) the piezoelectric material remains linearly elastic, and (b) the applied electric field and mechanical stress are small, which thus implies that this theory is not applicable for large deformations of the piezoelectric material. This assumption is valid for the low-power piezoelectric based ultrasonic transducers which are used in linear ultrasonic measurements employed in SHM and NDE.
Method
To develop an understanding of sensitivity for each temperature dependent material coefficient from Eq. (5), a methodology is proposed as shown in Fig. 1 . A material model as described in Eq. (5) is formed using the temperature dependent experimental data for elastic compliance (s ij ), piezoelectric charge coefficient (d mi ) and dielectric permittivity (e mk ). The material model forms the input parameters for a frequency domain finite element (FDFE) analysis. The FDFE approach is basically a pseudo-static problem that requires no time stepping [19] . The current FDFE model utilizes the temperature dependent experimental data for the soft, PZT-5A (Pb [Zr x Ti 1Àx ]O 3 ) material given by Sabat et al. [13] which is in the morphotropic phase boundary (MPB) condition (x = 0.52). This phase boundary condition increases the piezoelectric response of the material.
The experimental data as a function of temperature for piezoelectric material coefficients is shown in Fig. 2 . The magnitude of each material coefficient at 195°C is compared with the percentage change from a baseline value at 15°C. Each material coefficient varies by a different percentage when compared to the baseline value as shown in Fig. 2 . Zhang and Yu [20] reviewed material properties of high temperature piezoelectric materials. The variation in these piezoelectric material properties is dependent on the composition, dopants, grain size, internal defects and the magnitude of temperature increase from the room temperature [13] .
In this work, for the case of soft PZT-5A, the dielectric constant K 33 in the poling direction demonstrates a maximum (94%) change as compared to the baseline value followed by K 11 (66%) as shown Fig. 2 . The weakening of the ionic movements in the piezoelectric crystal raises the ionic polarizability [13] which increase the magnitude of dielectric constants K 11 , and K 33 with the temperature. The variation in the elastic coefficients of soft Pb[Zr x Ti 1Àx ] O 3 (PZT-5A) with increasing temperature could be due to the first order phase transition in the crystal structure [13] . Moreover, the variation in piezoelectric charge coefficients (d 15, d 33, d 31 ) can be attributed to the increased domain wall motion with the temperature increase, which changes the activation energy required and hence, the extrinsic piezoelectric response [13] .
In the current FDFE modeling approach, electrical admittance [7] [8] [9] is evaluated to quantify this temperature dependence of intrinsic and extrinsic contributions to the piezoelectric effect. The change in the admittance spectrum due to a material parameter change is quantified by an index to understand the sensitivity of resonance characteristics to a single temperature dependent material coefficient.
Finite element model
A physics-based model is formulated in COMSOL TM [21] using a Lagrangian formulation. An axisymmetric problem with quadratic shape function is solved for the geometric configuration of a piezoelectric disc as shown in Fig. 3 . In the case of an axisymmetric problem, the elastic, piezoelectric and dielectric coefficients in the material matrix shown in Eq. (5) reduce to
The baseline material parameters (at 15°C) for the current study are given in Table 1 . The poling direction of the piezoelectric disc is aligned with z direction of the model in the cylindrical coordinate system, as shown in Fig. 3 .
The FDFE formulation represents a time harmonic nature for the mechanical displacement u = u(r,z)e iwt and stress r = r(r,z)e iwt in the cylindrical coordinate space (r,/,z). Here, the e iwt term describes this harmonic nature of the mechanical displacement and stress. The equation for linear momentum balance in the frequency domain is thus given by
where q is the assigned material density, x is the angular frequency, and F v is the body force. The boundaries z = 0, z = 0.9 mm and r = 9.5 mm shown in Fig. 3 are kept traction free implying r 31 = r 33 = r 11 = 0. Mechanical damping in the piezoelectric material is modelled using the Rayleigh damping model [22] which is given as
where C uu is the damping matrix, M uu is the mass matrix and K uu is the stiffness matrix assembled at the global level in the FE model. The Rayleigh damping coefficient for mass and stiffness matrix are denoted by a and b respectively. For the phenomenological modeling of attenuation due to damping, the Rayleigh damping coefficients are assumed to be constant [21] . Eq. (14) thus becomes [21] 
For the piezoelectric media, a quasi-static field is assumed as stated in previous section. Thus, the electric field E is related to the scalar electric potential V as given by
A unit magnitude voltage is applied to the boundary z = 0.9 mm by using a terminal boundary condition assigned to PZT-5A as shown in Fig. 3 . The electric current in the piezoelectric domain @ D X piezo is given by [21] 
Electrical admittance is given by Y = G + jB where G is the real part of admittance known as conductance whereas B is the imaginary part known as susceptance. In the present sensitivity study, the susceptance spectrum is plotted to quantify change in the resonance spectrum due to each material coefficient. The element size for spatial discretization is determined using the shear wave speed value c (3895 m/s) in the piezoelectric domain at the frequency f 0 (2.25 MHz). The number of elements per wavelength N is set equal to 10 by performing the numerical convergence study. Maximum element size h max is thus given as
For this case, a quadrilateral element of size 0.02 mm is used for mapped meshing technique of the domain O piezo shown in Fig. 3 . The sensitivity of the temperature dependent material coefficient in terms of impact on the resonance spectrum is characterized using the metric indices. One such metric is the root mean square deviation (RMSD) which is given by RMSD ¼ X where x I is the start frequency and x F is the final frequency. Z E,B is the baseline electrical admittance value at 15C while Z E,T is the admittance signature at the corresponding temperature T simulated at frequency n.
Results
A stationary, Multifrontal Massively Parallel Sparse (MUMPS) direct solver is used for computation which is the default solver setting for frequency domain studies in COMSOL TM [20] . The model is solved for 193,695 degrees of freedom. A frequency sweep is performed from 10 kHz to 4.5 MHz in steps of 10 kHz. This increases the number of sample points in the admittance spectra and hence the resolution of the computed resonance spectrum.
Validation of model data with the reference experimental data
The baseline FE model is compared with the room temperature experimental data [23] before performing the sensitivity study. Good agreement with the experimental and model data is obtained at room temperature for the resonant and anti-resonant frequencies as shown in Fig. 4 . The percentage difference for the resonance frequencies f 1 and f 2 are less than 3% between the model and experimental data. The magnitude of the admittance corresponding to the resonant frequency from model data is also in good agreement with the experimental data shown in Fig. 4. 
Radial resonance mode
The magnitude of K 33 increases by 94% and K 11 increases by 66% as the temperature increases from 15 to 195°C [13] . This increase in K 33 increases the magnitude of susceptance as shown in Fig. 5(a) . However, the temperature dependent variation in dielectric constant in the radial direction K 11 does not appear to affect the radial resonance mode as shown by the data given in Fig. 5(b) . Moreover, the temperature dependence of the piezoelectric charge coefficient d 33 and d 15 does not significantly affect the radial resonance modes as shown by the data given in Fig. 6(a-b) . However, with variation in d 31 the radial resonance mode increases marginally as shown in Fig. 6(c) as the temperature is increased from 15 to 195°C.
Interestingly, the radial resonance mode is also unaffected by the temperature dependence of the elastic compliance coefficients s 33 , s 13 and s 44 as shown in Fig. 7(a-c) which is discussed further in Section 5.
However, the temperature dependence of s 12 over the temperature range from 15 to 195°C causes a marginal increase in the radial resonance frequency as shown in Fig. 7(d) . Similarly, a decrease in s 11 as a function of temperature increases radial resonant frequency from 15 to 195°C as shown in Fig. 7(e) . These temperature dependent changes are further quantified using the RMSD based index as shown in Fig. 8 . It can be seen that the temperature dependence of K 33 (or e 33 ) causes maximum sensitivity in terms of changes in the radial resonance mode followed by s 11 , s 12 and d 31 at 195°C.
Thickness resonance mode
The thickness resonance mode frequency reduces due to increase in K 33 as a function of temperature as shown in Fig. 9(a) . In a response which is similar to that for the radial mode frequency, the thickness mode frequency is also unaffected by the 66% variation in temperature dependent K 11 as shown in Fig. 9(b) .
However, for a 5.6% increase in d 33 , the magnitude of the susceptance increases with temperature along with a marginal change in the resonance frequency as shown in Fig. 10(a) . The magnitude of the susceptance decreases for the variation in d 31 in the temperature range 15 to 195°C as shown in Fig. 10(b) . The thickness resonance mode is completely unaffected by temperature with changes in d 15 as shown in Fig. 10(c) .
The reduction in the elastic compliance coefficient s 33 in the thickness direction increases thickness resonance frequency causing a shift to a higher frequency in the spectrum as shown in Fig. 11(a) . This also implies that there is an increase in stiffness of the disc due to a reduction of s 33 , as a function of temperature.
However, a variation in magnitude of s 13 from 15 to 195°C causes a reduction in the resonance frequency and an increase in the magnitude of susceptance as shown in Fig. 11(b) . The thickness mode remains unaffected by a 17% reduction in s 44 as shown in Fig. 11(c) . The temperature dependent variation in s 12 also increases the resonant frequency as shown in Fig. 11(d) . However, the magnitude of the susceptance decreases with an increase in the temperature. Similar characteristics are observed for the temperature dependence of s 11 as shown in Fig. 11(e) . The change in the resonance frequency as a function of temperature are further quantified using the RMSD based sensitivity index as shown in Fig. 12 . It can be seen that s 33 exhibits the highest sensitivity followed by K 33 , and s 11 and then followed by the remaining temperature dependent material coefficients.
Combined effect of various temperature dependent material coefficients
In previous sub-sections, analysis for the effect of temperature dependent variation in each piezoelectric material coefficient was performed. In physical piezoelectric based transducer, these piezoelectric material parameters vary simultaneously as a function of temperature. In this section, this case is modelled by considering the temperature dependent variation which occurs in all material parameters simultaneously. The combined effect due to temperature dependent variation of all material coefficients causes an increase in the magnitude of the susceptance as shown in Fig. 13(a-b) . The combined effect due to the temperature dependent variation of all material coefficients causes an increase in the magnitude of the susceptance as shown in Fig. 13(a-b) . The observed shift in the resonance spectrum is due to the temperature effect on the piezoelectric material which is consistent with the previous experimental observations by Baptista et al. [7] and Enciu et al. [8] . The increase in the magnitude of the susceptance (imaginary part of admittance) at the resonance frequency due to this combined effect is shown in Fig. 13(b) , and this is in agreement with the experimental observations reported by Haider et al. [9] .
This temperature dependent change in magnitude and the resonant frequency is quantified using the RMSD based index as shown in Fig. 14 . The RMSD based index increases from 320 at 105°C to 664 at 150°C and reaches up to 687 at 195°C indicating a non-linear change in the material coefficients of PZT-5A from 105 to 195°C due to the physical phenomenon explained in Section 3.
Discussion
The sensitivity measured by the metric (RMSD) of each of the ten material coefficients for the temperature dependent variation [13] as explained in Section 3 was reported in previous section in Figs. 8 and 12. Based on the RMSD value, the thickness resonance mode is found to be more sensitive to the temperature change than the radial modes due to the polarization of PZT-5A in the thickness direction. Here, Table 2 gives a summary of the sensitivity value for the percentage change in the material coefficient value at 195°C compared to the baseline value at 15°C. It is evident from Table 2 that the percentage change in the baseline value varies for different material coefficients. This indicates that each material coefficient exhibits different absolute sensitivity to the temperature change. For the case of PZT-5A, this sensitivity to the temperature change can be attributed to the (a) weakening of ionic movements (b) first order phase transition and (c) domain wall motion in the piezoelectric material [13] as explained previously in Section 3. However, a higher percentage change from the baseline value does not ensure a higher influence over the resulting changes in the resonance spectrum as seen from Table 2 . For example, the relative permittivity K 33 with a 94% increase, results in a RMSD value of 617, whereas a 66% increase in K 11 results in RMSD index of only 0.23. This counterintuitive phenomenon can be explained by contributions of a coefficient to the piezoelectric effect. This piezoelectric effect was explained previously for the axisymmetric problem in terms of mechanical strain and electric displacement given by Eqs. (8) The changes in the resonance spectrum when all ten material coefficients are varied using the temperature dependent experimental data [13] is reported in Fig. 13(a-b) of Section 4.4. This combined temperature effect exhibits a reduction in the thickness resonance frequency as shown in Fig. 13(b) which also indicates RMSD value of 687 as shown in Fig. 14 As explained previously, this significant difference is due to the different sensitivity of the material coefficients to the temperature change and their contribution to the mechanical strain and electric displacement.
Conclusions
A 2D axisymmetric FE model has been developed to investigate the effect of temperature dependent material coefficients on the resonance modes of a piezoelectric disc. Initially, the model is validated with the literature experimental data for PZT-5A at room temperature. The FE model is subsequently used to study thickness and radial mode resonance modes for temperature effects on elastic, piezoelectric and dielectric material coefficients using the reference experimental data. The temperature effect for all the material coefficients on the resonance spectrum is quantified using a root mean square deviation (RMSD) based sensitivity index.
It is demonstrated that the sensitivity of resonance modes due to the temperature effects on the material coefficients is dependent on the percentage change in the baseline value as well as the contribution of that coefficient to the mechanical strain and electric displacement. For a soft PZT-5A disc, at 195°C and d 31 coefficients. When all the ten material coefficients are varied based on the temperature dependent experimental data, the combined temperature effect results in the reduction of the thickness mode resonance frequency. This causes a reduction in the resonant frequency which is consistent with the observations from experimental work on the temperature effect for piezoelectric sensors. The combined effect results in a RMSD value of 687 which is 8 times the RMSD value for temperature dependent changes in d 33 at 195°C. This demonstrates that the magnitude of d 33 is not the sole factor that affects the resonance characteristics of the piezoelectric based ultrasonic transducers at high temperatures. It further appears that a complex interplay between material coefficients results in a reduction of thickness mode resonance frequency as the temperature is increased. This interplay was discussed in this work in terms of the contribution of each of the piezoelectric material coefficients to the mechanical strain and electric displacement. The simulation results also show that the current methodology, based on the temperature dependent experimental data has potential to be a useful tool to estimate the performance of high temperature piezoelectric based ultrasonic transducers. Particularly, for application in nuclear reactor, resonance analysis of radiation tolerant piezoelectric materials could also be performed using the current methodology for the temperature sensitivity characterization. Future work will focus on describing the complex interplay with an equation consisting of a weighted sum of ten piezoelectric material parameters to evaluate resonance sensitivity at a particular temperature.
